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Electrochemical Studies on the Corrosion Performance of Steel Embeded in
Activated Fly Ash Blended Concrete
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Abstract

The use of fly ash to replace a portion of cement has resulted significant savings in the
cost of cement production. Fly ash blended cement concretes require a longer curing time and
their early strength is low when compared to ordinary Portland cement(OPC) concrete. By
adopting various activation techniques such as physical, thermal and chemical method,
hydration of fly ash blended cement concrete was accelerated and thereby improved the
corrosion—resistance of concrete. Concrete specimens prepared with 10-40% of activated fly
ash replacement were evaluated for their open circuit potential measurements, weight loss
measurements, impedance measurements, linear polarization measurements, water absorption
test, rapid chloride ion penetration test and scanning electron microscopy (SEM) test and the
results were compared with those for OPC concrete without fly ash. All the studies confirmed
that up to a critical level of 20-30% replacement; activated fly ash cement improved the
corrosion—resistance properties of concrete. It was also confirmed that the chemical activation
of fly ash better results than the other methods of activation investigated in this study.
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Table 1 Mix proportion used in the study

Constituents Quantity (kg/m”)
Ordinary Portland cement 415
Coarse aggregate 1285
Fine aggregate 705
Fly ash 10% by weight of cement 42
Fly ash 20% by weight of cement 84
Fly ash 30% by weight of cement 126
Fly ash 40% by weight of cement 168

Table 2 Composition of OPC and fly ash used in this study

Constituents OPC (%) FA (%)
SiOg 22.14 64.03
Fe203 3.35 6.50
Al203 9.93 15.50
CaO 60.68 4.62
MgO 1.30 3.00

Loss on ignition 2.60 4.35
Insoluble residue - 2.00
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Table 3 Comparison of coefficient of water absorption of
activated and unactivated fly ash replaced
concrete at various percentages

Coefficient of water absorption (10 *m?/s)
Replacement . Physically | Thermally | Chemically
level Ungct;vsehted activated | activated activated
v fly ash fly ash fly ash
Control
(OPC) 3.86 3.86 3.86 3.86
10% 5.48 3.82 3.72 3.52
20% 5.52 2.86 2.75 2.82
30% 6.45 2.52 2.40 1.69
40% 7.78 2.45 1.95 1.42
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Table 4 Charge passed in Coulombs for various percentage
of fly ash replaced concretes

Coefficient of water absorption (107 '9m?/s)
Replacement . Physically | Thermally | Chemically
level Ung Ctl;;iﬁed activated | activated | activated
v fly ash fly ash fly ash
Control
(OPC) 1235 1235 1235 1235
10% 1487 1240 1225 1134
20% 1424 1234 1152 843
30% 1240 976 990 647
40% 985 872 840 571
650
et (100 % OPC}
-600 4 = (90 % OPC+ 10 % AFA)
==z, (90 % OPC+ 10 % PFA)
-580 { i (30% OPC+ 10% TFA) ‘-‘//_‘-"
3L (30 % OPC+ 10 % CFA )
-500 4 .

-450
-400 -

-350

-300

-250
-200
160 +— T T T T T T T

T
2 4 6 ] 10 12 14 16 18 20
Exposure period / months

Threshold potential

Open Circuit Potential / mV vs. SCE

Fi

g. 2 Open circuit potential vs. time behavior of different
activated systems at 10% replacement level

102 PR EXCIEEX| ®12# 65 (2008, 11)

|—_(3£

st} o] $HE = dAFs s & & don, g5k
2433171 71ele] 243} WAl e JA AR
o Ee 3E 7HE Ao® JEikTh Eg PRA,
AFA 3 OPCY EF AF #Y#2 275mVE F
g o2 A3lele Ae® Uehteu TFAY 2%
o] AuAel 1 ge d3jshe Ao B9

o} Z2l3 TFASH CFAS A9+ 7 571E 2 12
ML7A] Ao A7t Feeldels vellln gl

oL o]q_

Fig. 3ell& Eefololsle] A8l 2029 79
Ak wE Ak =AIEt. CFASH TFA7L
&3] 5703 =BVt oA MIIFEE firAl

sttbb o]l -275mVE A3jshe Zog Jehttt
wHo] AFA, PFA 2 OPCSE =277t 271€S
2152 AAANTES A3lshe Aoz eyt

=% (100 % OPC)
600 =#—3(30 % OPC + 20% AFA)
b 55 (80 % OPC + 20% PFA)
550 —ap=%:(50% OPC +20% TFA )
== (80 % OPC + 20% CFA)

Open circuit potential / mV vs. SCE

T T
0 2 4 6 ] 10 12 14 16 18 20
Exposure period / months

Fig. 3 Open circuit potential vs. time behavior of different
activated systems at 20% replacement level

650

=fll==1 (100 % OPC)

600 o =mtpmmis (70 % OPC + 30 % AFA)
el % (70 % OPC + 30 % PFA)
-560 o ==z (70 % OPC + 30 % TFA)
5, (70 % OPC + 30 % CFA)

-500 4 -t ——
450 /..-0/ = el
& o —Je——"___'/
- B
400 /.4__..- e

350 - )/)—-0’0 e
300 J

250

200 A

Open circuit potential f mV vs. SCE

150 +—r——""—"TF—""—"T"—T"—T"—T"—T"—T"7

Exposure period / months

=

g. 4 Open circuit potential vs. time behavior of different
activated systems at 30% replacement level



Fig. 4°lX+= 30%2 X3ES 7171 Ald9] dlolH
2 TAEIIT. TFAS CFAY 7% 67hL7kx A2

o] BEHAHE fAG AR, A%e] BE A4S
of Holgel dald B43HR Jehta e )

sict.
Fig. 5l A8 40%% 711 Al vl
M- 24 sdlet, 2499 w317 oA, w
Holelsh e A IAA ke Ang wg
o mebd, 47] ARE 10~40%°) BE Fig. 3~6
o ZBE B DA BYBPAA P ABEe
dgudt 20~30%9¢ ¢ F Aek 30%°139
AP Ay, 2APEY R4 o n
2, EagEe Beel ol Lol
S 9eg ¢ 5 Uk
weh] 4y AserE 229 PEe S 7704
e ©AE ehiE thea gt

fn o

CFA ) TFA > PFA ) OPC ) AFA

37 AHREHE, AFAS A% te WS A8
@At FefolofH Rt 54 01 oS Aeke e &
AT 4= Stk gk ojt Hlo|HE Fal 2 EY
AE 2o FARNIAAE B9 Sefol o+
o] GAsh= A9l Fad dde #lE F Qlrh =
ot PFAS TFAS A% 3= A& (pore filling

(o]

[¢]
effect)ol] o8] 212848 7HAA7)E= vHE, CFA
% 4Z=a 3 (buffer effect)

lo,
o,
o
rir
of{
4
do
i;op
_t\_l‘
o

% {100 % OPC}

- o —
sgg [ (60% OPC + 40% AFA)
w lh—. (80 % OPC + 40 % PFA) o«
2. o Y (60% OPC + 405 TFA) P
PR i (EU%DPC HW
=
S -500 o
E
= —_—
= 450 'Y -
£ { "
E 400 o g —y
]
2 _as0
=
3 o
2 .00 4
=] /o/‘/ Threshold potential
&
§ =04,
o
-200
150 . . . : . . : i i

0 2 4 8 8 10 12 14 18 18 20
Exposure period / months

Fig. 5 Open circuit potential vs. time behavior of different
activated systems at 40% replacement level

Table 5ole FAZEH <3 OPCe E43std

Zdlo] JHE 10~40%% ASAZ] 2= AH

U3t BaE 23498 29T T23E OPC

, FAELS 0.0739mmpyST. T3 EA13HA|
O

[e)

o

A9 #48
o

< OPCEH A2 A= Jepiad
om, olz Qe FAAFES AANTIRL sleel &
S, I, A&E UM we} FA4E 9] F
7k Ae AT = AU A =01, CFAS] 7
-, A#Ee] 10~40%% S7Hdel wet F480] 5
Hl o]d SRR & & dden, 30%9 AgE

7 OPCHE}F H480] HSS & & Uith
4719 AHRREE, &GSNT Eeto] of9] A§
ARl B 22k FEbg] ofF FAAGHE F
171 CSH(Calcium Silicate Hydrate) gel <
j0

40 9T Ag} dan gt & ¢ ol
o Wil ARE 10%E 717 vBPEe) A

BB OPCSH SAFE & F AL, oFeE 40%
o ABES A DY L 1B e $4E

< OPCEY < & »li’iﬁ} W}EW olg &3l
%

mmpy%A il °|& PFAY TFAE]
< & & . oY AGEL szEﬂrQ‘rh A=
3leta @Al o8] CSH gel FAol 9

1o
= =
PAES W fEdte mdE wHsdtn AR

“ojzie}.

E3E Table 591 Wehd niel 2ol 187449 =&

7o
o dis ezt

7175t CFAS A|Y3 AA|A

ke 23s Bou. olgd AnE B8 47

7t CFAS] A8Eo w2 243} AFol d&s 7]
A3 YA @S Sty Yk &, g xe

cretE x| M12# HMes(2008. 11) 103



N
2

:(I>l:g
T(ib
= 2

=E7]7F YoM asEe] giold 9
Ao Fge o] FA|HZ Aoz
t}. &3 Table 52%E, 100% OPC2|
Ho| 15%% A% whA, AFAS] 3%
7}l wel gls] wael ksl
Atk v SIS AR A9l A
10~30% WM =& HWAo] OPCHY Y

T %E‘r.

ol‘ﬂoﬁi

fo
-
%9,

1K
)
2

1]
N

112
F
¥ o
0,

tlo fo mlo rr oxt
o ML

2
= o
g
ok rlo
o
T
=
|m
i)
[
=

i e o fr oox
e
:(.’1:,"
e
3=
o
ol
rr
o
o
s
&
;

E}°1°Hﬁ1449] Si0g9] &dl=rt §4d] F7Rt=
o] 7hssi, SAE, & &5t
3, ”E}O]"HH WA gz JEgE 731
Pietersen 5% Ma 52 258 I7MA71H 238

B jEgse] g A%542 4 gtk

park
|o
HU
<
i
[

~
(=]

3.5 =H

02
Hr
09
A

Table 691 LPR el )@ Aa432 7148
Atk BE A5l Al el ESAR(R,)C]
OPCEY} 3¢ ¢ % 9 3, CFAY A% the

Table 5 Corrosion rate from gravimetric weight loss measurements

Repllif,eerlnent pH |Area rusted (%) r;i%ﬁ?ﬁ%@)
100% OPC| 12.4 15 0.0739
AFA 10% | 12.2 20 0.0688
AFA 20% 12.1 35 0.1267
AFA 30% | 12.0 60 0.1955
AFA 40% | 11.9 100 0.2102
PFA 10% | 12.3 10 0.0362
PFA 20% | 12.2 15 0.0534
PFA 30% | 12.2 15 0.0681
PFA 40% | 12.0 45 0.1567
TFA 10% | 12.3 10 0.0245
TFA 20% | 12.2 15 0.0431
TFA 30% | 12.1 15 0.0543
TFA 40% 12.1 55 0.1235
CFA 10% | 12.5 10 0.0152
CFA 20% | 12.5 10 0.0362
CFA 30% | 12.5 15 0.0494
CFA 40% | 12.5 40 0.0852
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Table 6 Corrosion rate from gravimetric weight loss measurements

Reol Corrosion P?lfi-mamn Corrosion .
eplacem sotential Tesistance curtent density ‘COHOSIOH
ent level (£, )(m) (rg(i?;;z) (i, ) pudem?) rate(mmpy)
100% OPC | -581 452 2.62 0.0304
AFA 10% | -527 614 4.35 0.0504
AFA 20% | -537 718 5.35 0.0621
AFA 30% | -546 309 9.45 0.1096
AFA 40% | -535 187 15.4 0.1786
PFA 10% | -509 7516 0.50 0.0059
PFA 20% | -523 3110 1.68 0.0195
PFA 30% | -522 2081 1.14 0.0192
PFA 40% | -558 1445 20.9 0.1420
TFA 10% | -440 10630 0.32 0.0037
TFA 20% | -517 3064 1.31 0.0152
TFA 30% | -440 1943 1.56 0.0182
TFA 40% | -549 913 3.09 0.0358
CFA 10% | -481 20620 0.19 0.0023
CFA 20% | -491 4432 0.76 0.0088
CFA 30% | -b544 4283 0.71 0.0082
CFA 40% | -555 1210 3.01 0.0349




Table 7 Corrosion rate obtained from impedance method

Replacement t(rj:r?;fgei‘ Doublgtlayel' Corrosion rate

level resistancﬁe(ﬁd) ( ;af a(a ﬁ;seg) (mmpy)

(2em™2) ar

100% OPC 229 5.17 0.0600
AFA 10% 635 4.19 0.0487
AFA 20% 154 24.87 0.2884
AFA 30% 95 30.66 0.3556
AFA 40% 48 59.00 0.6844
PFA 10% 4225 0.85 0.0098
PFA 20% 3289 0.91 0.0106
PFA 30% 2819 1.43 0.0165
PFA 40% 2447 8.28 0.2400
TFA 10% 2282 0.59 0.0059
TFA 20% 1286 0.51 0.0069
TFA 30% 1273 2.73 0.0317
TFA 40% 380 6.55 0.1807
CFA 10% 5524 1.47 0.0171
CFA 20% 3064 2.39 0.0277
CFA 30% 1516 3.12 0.0362
CFA 40% 1232 16.13 0.1875
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Fig. 6 Bode plot of unactivated fly ash at various
replacement levels
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Fig. 7 Bode plot of physically activated fly ash at various
replacement levels
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Fig. 8 Bode plot of thermally activated fly ash at various
replacement levels
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Fig. 9 Bode plot of chemically activated fly ash at various
replacement levels.
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Fig. 10 Scanning Electron microscopic observation (1000x
magnification) of OPC concrete after 18 months

(a) (b)

Fig. 11 (a) Scanning electron microscopy (1500x magnifi-
cation) of AFA before activation. (b) Scanning
electron microscopy (1500% magnification) of AFA
after 18 months
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Fig. 12 Scanning electron microscopic observation (1500x
magnification) of PFA after 18 months of exposure

Fig. 13 Scanning electron microscopic observation (1500x
magnification) of TFA after 18 months of
exposure
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Fig. 14 Scanning electron microscopic observation (1500x
magnification) of CFA after 18 months
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